BACKGROUND: Bile acids (BAs) are nutrient-responsive hormones that modulate energy balance through cell surface and nuclear receptors. Postprandial plasma BAs have been found to be decreased in obesity. OBJECTIVE: We aimed to determine whether meal-stimulated circulating BA levels are altered by Roux-en-Y gastric bypass (RYGB), an operation that modifies the neurohumoral determinants of food intake and energy expenditure to cause significant and durable weight loss. DESIGN: Longitudinal study measuring fasting and postprandial plasma BAs before and after RYGB. SUBJECTS: Five obese surgical patients and eight lean controls underwent frequent blood sampling after a standard liquid meal. Obese subjects were also tested at 1, 4 and 40 weeks after RYGB. Primary and secondary circulating BAs, as well as their glycine and taurine conjugates, were measured via reverse-phase high-performance liquid chromatography/mass spectroscopy. RESULTS: We found that postprandial excursion of conjugated BAs was 52.4% lower in obese than in lean individuals by areaunder-the-curve (AUC) analysis (378 vs 793 mmol min l À 1 , respectively, Po0.05). By 40 weeks after RYGB, the meal-induced rise in conjugated BAs increased by 55.5% to the level of healthy lean controls (378 pre-op vs 850 mmol min l À post-op by AUC analyses, Po0.05). In contrast, postprandial concentrations of unconjugated BAs were similar in lean and obese individuals and were not affected by surgery. CONCLUSION: In light of the growing evidence that BAs have key roles in glucose, lipid and energy homeostasis, the observation that RYGB normalizes the blunted postprandial circulating BA response in obesity suggests that BAs may contribute to the improvement in meal-related physiology seen after RYGB. Further studies are warranted to examine this hypothesis and to determine the degree to which an augmented BA response to nutrient ingestion may mediate the increased incretin response, brown adipose tissue activation and thermic effect of feeding that has been observed after this operation. 1 Previous studies have demonstrated that bile acids (BAs) have key roles in this regulation through the activation of specific nuclear and cell surface receptors such as FXR and TGR5, respectively.
INTRODUCTION
Obesity is a pathological state characterized by abnormalities in the neurohumoral regulation of energy balance. 1 Previous studies have demonstrated that bile acids (BAs) have key roles in this regulation through the activation of specific nuclear and cell surface receptors such as FXR and TGR5, respectively. [2] [3] [4] [5] [6] [7] [8] Roux-en-Y gastric bypass (RYGB) is a gastrointestinal weight loss procedure that alters the physiology of energy regulation to cause profound and durable weight loss. This operation, as well as other bariatric procedures including vertical sleeve gastrectomy and laparoscopic adjustable gastric banding, have been associated with elevations in circulating BAs in humans in the fasted state. [9] [10] [11] Both the detergent and hormonal effects of BAs, however, are particularly relevant to postprandial physiology. Upon nutrient ingestion, BAs released into the intestine assist in the digestion of dietary fats and fat-soluble vitamins. Through an FXR-mediated pathway in the intestine, BAs have been found to stimulate postprandial release of FGF19, a protein that regulates glucose disposal and lipid homeostasis, and acts through FGFR4 to modulate BA synthesis in the liver. [12] [13] [14] Through a TGR5-mediated pathway in enteroendocrine cells, BAs stimulate the release of glucagon-like peptide-1 (GLP-1), a regulatory peptide that promotes satiety and stimulates b-cell insulin release. 15, 16 The sites of action of BAs likely extend beyond the intestine since circulating BA concentrations triple after meal ingestion. [17] [18] [19] [20] Watanabe et al. 21 have shown that BAs increase energy expenditure (EE) via a TGR5-cAMP-deiodinase 2-dependent pathway in skeletal muscle and brown adipose tissue (BAT). This finding suggests a direct physiologic function for the circulating component of the BA pool in the normal regulation of energy balance. Moreover, since BAT functions in the thermic effect of feeding, it also raises the possibility that these nutrient-responsive lipid hormones contribute to postprandial EE. Indeed, Ockenga et al. 22 have recently found that postprandial levels of circulating BAs are strongly correlated with postprandial EE in lean individuals. In keeping with a role for the nutrient-stimulated BA fraction in the regulation of energy balance, Glicksman et al. 23 have observed that postprandial circulating glycine-conjugated concentrations of BAs are preferentially decreased in obesity.
Several of the physiologic effects of RYGB are also selective for or more pronounced in the postprandial state. This operation is associated with significant elevations in postprandial GLP-1, which directly increases insulin release and promotes the weight loss-independent improvement in oral glucose tolerance observed after RYGB. [24] [25] [26] [27] [28] We and others have observed a large increase in EE after RYGB in rodent models. 29, 30 Recent studies have also shown increased postprandial thermogenesis in humans after RYGB, 31, 32 extending earlier observations that RYGB in humans is associated with a blunting of the adaptive reduction in EE (metabolic adaption) normally associated with acute weight loss and the chronic weight-reduced state. [33] [34] [35] The stimulation of EE in rodents after RYGB is dependent on feeding and is associated with an increased activation of BAT, suggesting that the surgery influences adaptive thermogenesis. 36, 37 BAT, the predominant mediator of feeding-related thermogenesis in small animals, is now known to be present in adult humans where it also functions in adaptive thermogenesis. [38] [39] [40] [41] Brown adipocytes have been shown to express the TGR5 cell surface BA receptor and respond to BA stimulation. 21 Given the distribution and known physiologic effects of BAs on satiety, lipid, glucose and energy homeostasis, postprandial changes in circulating BA concentrations may well contribute to the enhanced thermic effect of feeding and to the ingestion-related metabolic changes observed after RYGB.
We therefore sought to evaluate the impact of RYGB and associated weight loss on circulating BAs in humans in the postprandial state. We observed that the meal-induced BA response normalizes after RYGB with increased and accelerated postprandial excursion of circulating BAs, an effect that is selective for conjugated BA moieties. These observations likely have implications for the regulation of BA metabolism and the contribution of BAs to the regulation of energy balance and metabolic function.
MATERIALS AND METHODS Subjects
We undertook a prospective pilot study of five subjects with obesity (BMIX35 kg m À 2 ) undergoing RYGB and conducted a detailed analysis of the fasting and postprandial circulating BA responses before and at several time points after surgery. We compared this group to 8 healthy lean controls (BMI 18-25 kg m À 2 ). RYGB subjects were recruited from the surgical management program at our obesity medicine and bariatric surgery center. Lean controls were recruited from internet-based advertisements and locally posted flyers. We excluded subjects with evidence of liver disease, with a disrupted enterohepatic circulation from previous bowel resection, diarrheal or malabsorptive syndromes, on oral contraceptives or hormone replacement therapy, on treatments expected to alter the gut microbiota, such as probiotics or antibiotics, or on treatments with BA sequestrants. Written informed consent was obtained from each subject. The study was approved by the Massachusetts General Hospital Institutional Review Board.
Study procedures
Subjects with obesity undergoing RYGB were evaluated longitudinally 4 weeks before surgery and 1, 4 and 40 weeks after surgery. To assess the potential effects of diet and activity on BA levels, subjects completed a 4-day food diary and a 3-day Bouchard physical activity diary prior to each study visit. 42, 43 Subjects were admitted to the Clinical Research Center at 0900 hours after an 8-h overnight fast. Upon admission, height and weight were measured in light clothing without shoes using a calibrated stadiometer and scale. Subjects were asked to drink a standard 8-ounce liquid meal (TwoCalHN, 475 calories, 40% carbohydrate, 40% fat, 20% protein) slowly over a 20-min period. The 20-min period was allotted to standardize intake across groups and was based on our clinical experience with the tolerability of liquid meal ingestion early after RYGB. Blood samples were drawn through an indwelling intravenous catheter 15 min before meal ingestion (time À 15), at the completion of meal ingestion (time 0), and at 15, 30, 60, 90, 120, 150 and 180 min after meal completion (sampling time points for lean controls were À 15, 0, 30, 60, 120 and 180 min). Samples were collected into EDTA-containing tubes and processed within 15 min of collection. Plasma aliquots were stored at À 80 1C for later analysis.
BA measurements
Concentrations of individual BAs were determined using reversephase high-performance liquid chromatography/mass spectroscopy (TNO Laboratories, Zeist, The Netherlands), as previously described. 44 We measured the primary BAs (cholic acid and chenodeoxycholic acid) and the secondary BAs (deoxycholic acid, ursodeoxycholic acid and lithocholic acid) as well as the taurine and glycine conjugates of each of these five BAs. Pooled aliquots from each of the study samples were used as quality control samples that were run in every tenth position. To more stringently control for measurement error, we included quality control samples in random positions within and between batches to which the testing laboratory was blinded so as to obtain an unbiased estimate of the withinbatch and between-batch variation for individual BAs. Assays were run in multiple batches. Intra-assay and inter-assay coefficients of variation for individual BAs ranged from 2.3% to 7.8% and 2.7% to 13.3%, respectively, with the exception of UDCA and LCA, both of which were present in low concentrations and had higher coefficients of variation. The inclusion or exclusion of these two BAs did not alter the results of the analysis of specific BA subsets that include them.
Statistical analysis
BA concentrations were compared in obese and lean groups using independent sample t-tests, and before and after RYGB using paired t-tests. We conducted analyses of each fasting and postprandial time point, as well as area-under-the-curve (AUC) analysis of postprandial BA excursion. AUC was calculated using the trapezoidal method. 45 Since adequate circulating concentrations need to be achieved for ligands, such as BAs, to reach and stimulate their cognate receptors on muscle and BAT, we also assessed the maximum postprandial rise in circulating BA concentration, defined as the maximum increase in plasma concentration detected during a 3-h postprandial period. To quantitate changes in acceleration of postprandial BA levels before and after RYGB, we calculated the %AUC in the first 90 min after meal ingestion (90-min AUC Â 100/total AUC). Statistical analyses were performed using SPSS, version 18 (IBM, Armonk, NY, USA). Po0.05 was considered significant. Data are plotted as mean ± standard error of the mean.
RESULTS

Subject characteristics
Subject characteristics are outlined in Table 1 . The mean BMI was 47.7 ± 7.4 kg m À 2 in obese subjects and 21.7 ± 1.6 kg m À 2 in lean subjects. The mean age was 44.8±12.9 and 41.0±11.3 years in the obese and lean groups, respectively. Total dietary intake measured by weight or energy content (kcal) did not differ between the obese and lean groups. Subjects with obesity had a significantly greater percentage of their calories derived from protein (19.2 ± 1.1% (obese) vs 14.8 ± 3.3% (lean); P ¼ 0.02) and a significantly lower percentage derived from carbohydrates (38.8±4.4% (obese) vs 48.1±8.3% (lean); P ¼ 0.04). They also tended to have a greater percentage of their calories derived from fat (41.8 ± 5.6% (obese) vs 35.1 ± 6.3% (lean); P ¼ 0.08). There was no significant difference in physical activity between lean and obese subjects.
All subjects with obesity successfully underwent RYGB and had uncomplicated perioperative and postoperative courses. The average percent excess body weight loss was 11.5 ± 4.8% at postoperative week 1, 23.3±6.9% at postoperative week 4 and 73.8 ± 19.7% at postoperative week 40, which corresponded to an average percent total body weight loss of 5.3 ± 2.0%, 10.6 ± 2.3% and 33.7±7.2% at these time points, respectively. The percent excess body weight loss and percent total body weight loss exhibited by these subjects were consistent with the distribution of weight loss clinically observed and previously reported at our center. 46 By 40 weeks after surgery, weight loss had either ceased or dramatically slowed for all subjects.
In the early postoperative period (1 week after surgery), subjects had dramatic reductions in absolute food intake (423±158 kcal (post-op) vs 1978 ± 184 kcal (pre-op); Po0.001) accompanied by a reduction in the percentage of calories derived from fat (13.1±8.5% (post-op) vs 41.8±5.6% (pre-op); Po0.001) and increases in the percentage of calories derived from carbohydrate and protein (60.1 ± 5.6 (post-op) vs 38.8 ± 4.4% (pre-op); P ¼ 0.001, and 26.8±7.4% (post-op) vs 19.2±1.1% (pre-op); P ¼ 0.07, respectively). By postoperative week 40, absolute intake had increased but remained significantly lower than the preoperative baseline (1367 ± 315 kcal (post-op) vs 1978 ± 184 kcal (pre-op); P ¼ 0.02). Early postoperative changes in dietary composition did not persist, and by 40 weeks after surgery, the percent intakes of fat, carbohydrate and protein were similar to the preoperative baseline. Subjects reported a significant decrease in physical activity at postoperative week 1, reflecting the early postsurgical recovery phase. Physical activity subsequently returned to baseline with no significant difference in activity between baseline and 40 weeks after surgery.
Circulating BAs in obesity and after RYGB The fasting circulating BA concentrations were not significantly different between lean and obese subjects with the exception of the taurine-conjugated subset, which was lower in obesity (Table 2 ). In contrast, despite the small number of subjects studied, we detected significant differences in the postprandial circulating BA response (Figure 1 ). Subjects with obesity had a blunted conjugated BA excursion after a meal compared to lean controls. The AUC of the conjugated BA subset was 52.4% lower in subjects with obesity (378±70 (obese) vs 793±131 (lean); Po0.05). The maximum increase in circulating conjugated BAs during the first 180 min after a meal was also diminished in subjects with obesity (2.2 ± 0.44 (obese) vs 5.2 ± 1.0 mmol l -1 (lean); Po0.05), as was the plasma-conjugated BA concentration at 120 min post ingestion (2.4 ± 0.47 (obese) vs 5.7 ± 1.1 mmol l À 1 (lean); Po0.05). The majority of these differences in postprandial conjugated BAs were attributed to the glycine-conjugated BA subset, for which subjects with obesity had a lower postprandial AUC (342 ± 63 (obese) vs 706 ± 118 (lean); Po0.05), a lower maximum postprandial increase (2.0 ± 0.38 (obese) vs 4.5±0.86 mmol l -1 (lean); Po0.05), and a lower concentration at 120 min after meal ingestion (2.2±0.43 (obese) vs 5.0 ± 0.93 mmol l À 1 (lean); Po0.05). The taurine-conjugated subset showed a trend in the same direction, with obese subjects having a lower postprandial AUC (35.8±9.1 (obese) vs 87.1±19.0 (lean); P ¼ 0.07). There was no difference between groups in the unconjugated BA subset as determined by AUC (190 ± 76.2 (obese) vs 200 ± 43.8 (lean); P ¼ 0.90), maximum postprandial increase (1.0±0.63 (obese) vs 0.54±0.18 mmol l À 1 (lean); P ¼ 0.38) or any single postprandial time point (Figure 1) .
After RYGB, postprandial BA excursion in subjects with obesity was normalized such that the AUC and the maximum postprandial rise of total BAs and conjugated and unconjugated BA subsets in post-RYGB subjects were not significantly different from lean controls (all P-values40.3; Figure 1 ). In addition, there was no significant difference between post-RYGB and lean subjects at any individual fasting or postprandial time point for total, conjugated or unconjugated BAs (Figure 1) . By 40 weeks after surgery, the postprandial AUC of the conjugated BA subset was significantly (pre-op); Po0.01) and the conjugated BA concentration at 90 min after a meal (4.3±1.0 (post-op) vs 2.2±0.56 mmol l À 1 (pre-op); Po0.05; Figure 1 ). These changes were reflected in the maximum rise of total BAs (7.8 ± 1.1 (post-op) vs 3.1 ± 0.69 mmol l À 1 (pre-op); Po0.01) and the 90-min postprandial total BA concentration (5.1±1.1 (post-op) vs 3.3±0.99 mmol l À 1 (pre-op); Po0.05), both of which were significantly greater 40 weeks after surgery than before surgery. The changes in the postprandial response of total and conjugated BAs were mainly attributable to the glycineconjugated subset, which showed postsurgical normalization in AUC (786 ± 145 (post-op) vs 342 ± 58.3 (pre-op); Po0.05), in the maximum postprandial rise Figure 1 ). These RYGB-related changes were not detected 1 week or 4 weeks after surgery. However, at these earlier postoperative time points, there was a visibly earlier rise and fall of the circulating BA concentration after a meal (Figure 2) . We quantified this difference in pattern by calculating the percentage of the excursion occurring within the first 90 min after the meal (90-min %AUC). Compared to the preoperative baseline, the 90-min %AUC at 4 weeks after surgery was significantly higher for total BAs (61. Po0.05) and the glycine-conjugated subset (63.7 ± 3.5% vs 47.8 ± 5.1% (pre-op); Po0.05). The taurine-conjugated subset showed a similar trend (67.8±2.9% (post-op) vs 49.6±6.0% (pre-op); P ¼ 0.06), while the unconjugated BAs were unchanged.
DISCUSSION
In this longitudinal, prospective pilot study of individuals undergoing RYGB, we observed that obesity is associated with a blunted postprandial rise in circulating conjugated BAs despite fasting BA levels similar to those in lean individuals. Although several studies have shown that fasting BAs increase after RYGB, the postprandial responses of BAs are particularly important to their hormonal effects, including stimulation of FGF19, GLP-1 and BAT activity. Accordingly, we evaluated the effect of RYGB on postprandial BA excursion and found that RYGB treatment normalizes the blunted BA response associated with obesity, leading to a significant increase in postprandial circulating glycine-and taurine-conjugated BAs. This effect was evident in the total 3-h postprandial BA excursion, as represented by the AUC, and in the maximum rise in BA concentration, which reflects the highest concentration achieved within 3 h of a meal stimulus. We also found that RYGB accelerates the postprandial BA response, leading to an earlier rise and fall in glycine-and taurine-conjugated BAs after meal ingestion. While significant increases in meal-stimulated total BA excursion were limited to the late postoperative period (40 weeks after surgery), acceleration of the postprandial curve was seen as early as 4 weeks after surgery. Notably, this small pilot study is likely underpowered to detect the more limited changes in circulating BAs seen early after surgery.
The comparison of lean and obese individuals is consistent with the findings of Glicksman et al., 23 who observed that people with obesity exhibited a decreased circulating glycine-conjugated BA response to meal ingestion. In the current study, these findings are also extended to total conjugated BAs with a similar trend in the taurine-conjugated subset. Taurine-conjugated BAs have been shown to have a greater affinity for TGR5 than the glycineconjugated moieties and may thus be particularly relevant for the effect of BAs on postprandial GLP-1 release and postprandial EE. 47 In prior studies evaluating fasting BAs after gastrointestinal weight loss procedures, accelerated delivery of BAs to the distal ileum (the dominant BA-absorptive component of the intestine) has been suggested as a potential mechanism to explain the increases in circulating BA levels. [48] [49] [50] As RYGB shortens the distance from the stomach to the ileum by bypassing the proximal intestine and creating a Roux limb, this 'accelerated delivery hypothesis' could explain the acceleration of the postprandial BA excursion curve that we detected as early as 4 weeks after surgery. However, the anatomic changes associated with RYGB, despite having immediate effects on baseline GI motility and transit time, are unlikely explanations for the greater total rise in circulating, postprandial BA concentrations, which did not become apparent until several months after surgery. The late effects on circulating BA levels suggest that they reflect time-dependent mechanisms such as developmental or adaptive changes that alter GI response to nutrient or meal ingestion. RYGB may also alter bile acid synthesis, secretion, modification and transport through direct physiological effects of the surgery. After RYGB in mice, we have observed a selective increase in intestinal expression of ABCC3 (MRP3) and SLC51B (OSTB), genes that encode for multidrugresistant protein 3 and organic solute transporter beta, respectively, two BA transporters found in the basolateral membranes of intestinal epithelial cells (IJ Hatoum and LM Kaplan, unpublished). 51, 52 RYGB is also associated with alterations in the intestinal microbiota, a key regulator of BA conjugation and secondary BA formation. [53] [54] [55] The normalization of the postprandial plasma conjugated BA response by RYGB may contribute to some of the metabolic effects of this operation. With the recent identification of BAT as a regulator of EE in adult humans, and the observation that BAs activate the TGR5 receptor on brown adipocytes to induce thermogenesis, the increase in circulating BAs after RYGB may contribute to the blunting of metabolic adaptation to weight loss and the increased thermic effect of feeding observed after this operation in humans. [31] [32] [33] [34] To the extent that TGR5 is located on the basolateral surface of enteroendocrine cells in humans, the circulating component of the BA pool may also stimulate secretion of GLP-1 to promote the decreased food intake and improved glucose homeostasis seen after RYGB. 15, 16 Notably, the rise in circulating GLP-1 in rodents and human patients after RYGB is predominantly postprandial. [24] [25] [26] [27] [28] In rodent models, the elevated EE after RYGB is dependent on the fed state, 36, 37 and at least two recent studies have found that TEF is enhanced after RYGB in human patients. 31, 32 In this study, the increase in circulating BAs after RYGB is most pronounced in response to meal ingestion, providing further support for the hypothesis that circulating BAs may contribute to the neurohumoral cascade that alters the energy regulatory response to feeding after this operation.
With the exception of the taurine-conjugated BA subset, we did not detect the increases in fasting BA levels after RYGB reported previously. The absence of detectable changes in these levels is likely due to the small number of subjects studied. However, the significant differences in postprandial BA response detected in even this small cohort suggest that the effect of RYGB on postprandial BAs is more pronounced and perhaps more physiologically relevant. As the rise in postprandial BAs occurs late after RYGB, both adaptive changes and progressive weight loss during the first postoperative year may be important contributors. Similar to previous reports, we observed that the changes in dietary composition seen immediately after surgery do not persist late after the procedure, making changes in diet composition a less likely contributor to the observed surgically induced alterations in circulating BAs. 56 Total dietary intake, which was similar in the lean and obese groups, is also unlikely to explain the observed differences in BA excursion between these groups.
In conclusion, we have observed that RYGB normalizes the disrupted BA response to meal ingestion associated with obesity by substantially increasing and accelerating the conjugated BA excursion. The observed meal-related changes support the hypothesis that altered concentrations of these hormonally active lipids may contribute to the metabolic effects of RYGB. They also raise the possibility that modulation of postprandial BA levels may provide new opportunities for the treatment of obesity and related metabolic disorders. Studies that directly examine the effect of circulating BAs on satiety and meal-related EE will help further define the role of BAs in the regulation of energy balance and the response to gastrointestinal weight loss surgery.
